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LARGE EFFECTIVE AREA FIBER WITH
GE-FREE CORE

BACKGROUND

1. Field of the Invention

The present mvention relates generally to optical fibers,
and particularly to large effective area optical fibers with pure
silica core and low attenuation.

2 Technical Background

Optical amplifier technology and wavelength division mul-
tiplexing techniques are typically required in telecommuni-
cation systems that provide high power transmissions for long
distances. The defimition of high power and long distances 1s
meaningtul only 1n the context of a particular telecommuni-
cation system wherein a bit rate, a bit error rate, a multiplex-
ing scheme, and perhaps optical amplifiers are specified.
There are additional factors, known to those skilled 1n the art,
which have impacted upon the defimition of high power and
long distance. However, for most purposes, high power 1s an
optical power greater than about 10 m'W. High power systems
often suffer from non-linear optical efiects, including seli-
phase modulation, four-wave-mixing, cross-phase modula-
tion, and non-linear scattering processes, all of which can
cause degradation of signals 1n high powered systems. In
some applications, single power levels of 1 mW or less are
still sensitive to non-linear etffects, so non-linear effects may
still be an 1mportant consideration 1n such lower power sys-
tems. In addition, other optical fiber attributes, such as attenu-
ation, are a major contributing factor to the degradation of the
signal.

Generally, an optical waveguide fiber having a large effec-
tive area (A, ;) reduces non-linear optical ettects, mcluding
self-phase modulation, four-wave-mixing, cross-phase
modulation, and non-linear scattering processes, all of which
can cause degradation of signals 1n high powered systems.

On the other hand, an increase 1n effective area of an optical
waveguide fiber typically results 1n an increase in macrobend-
ing induced losses which attenuate signal transmission
through a fiber. The macrobending losses become increas-
ingly significant over long (e.g., 100 km, or more) distances
(or spacing between regenerators, amplifiers, transmitters
and/or recervers. Unfortunately, the larger the effective area
of a conventional optical fiber 1s, the higher the macrobend
induced losses tend to be. Further more, attenuation can be a
major contributing factor to the degradation of the signal in
large effective area fibers.

SUMMARY

One embodiment of the invention 1s an optical waveguide
fiber comprising;
(1) a Ge free core having an effective area of about 90 um?

to about 160 um” at the 1550 nm wavelength, and o value
12=0=25, said core comprising:

(a) a central core region extending radially outwardly from
a centerline to a radius r,=2 um, and having a relative
refractive index percent profile A, (r), wherein -0.1%=
An(r)=0.1, and wherein the central core region has a
maximum relative refractive index, A,

(b) a first annular core region surrounding and directly
adjacent to the central core region and extending to an
outer radius r,, wherein 4.8 um =r, =10 um, and having
a relative refractive index percent profile, A (r), a mini-
mum relative refractive imndex, A,, . and the relative
refractive index measured at a radius r=2.5 um being:

~0.15=A,(7=2.5 um) =0 and Agyzqx =A(r=2.5 pm);
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(¢) a fluorine doped second annular region surrounding and
directly adjacent to the first annular core region and
extending to aradiusr,, wherein 13 um =r, =30 um and
having a negative relative refractive index percent pro-
file, A,(r), with a minimum relative refractive index
A, s DEING:

A=A (#=2.5 um) and —0.7% =A-,v=-0.28%;

(1) a cladding surrounding the core and having a relative
refractive index percent A _(r), and A _(r)=A,, ,~x0.3%:;
wherein the relative refractive index profile of the optical

fiber 1s selected to

provide attenuation less than 0.175 dB/km at the 1550 nm
wavelength.

According to some exemplary embodiments, at least a
portion of the central core region 1s made of pure silica.

Additional features and advantages of the invention will be
set forth 1n the detailed description which follows, and 1n part
will be readily apparent to those skilled in the art from that
description or recognized by practicing the invention as
described herein, including the detailed description which
follows, the claims, as well as the appended drawings.

It 1s to be understood that both the foregoing general
description and the following detailed description present
embodiments of the invention, and are imntended to provide an
overview or framework for understanding the nature and
character of the mnvention as 1t 1s claimed. The accompanying
drawings are included to provide a turther understanding of
the invention, and are incorporated into and constitute a part
of this specification. The drawings 1llustrate various embodi-
ments ol the mvention, and together with the description
serve to explain the principles and operations of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s across-sectional view of one embodiment of the
present invention;

FIGS. 1B 1llustrates schematically an exemplary refractive
index profile of the fiber of FIG. 1A;

FIGS. 2-16 1llustrate refractive index profiles of exemplary
embodiments of the optical fibers of the present invention.

DETAILED DESCRIPTION

Definitions

The “refractive index profile” 1s the relationship between
refractive index or relative refractive index and waveguide
fiber radius.

The “relative refractive index percent” 1s defined as
A%=100x(n(r)*-n.*)/2n(r)*, where n(r) refractive index at
the radial distance r from the fiber’s centerline, unless other-
wise specified, and n_ 1s the refractive mndex of pure silica
glass. As used herein, the relative refractive index is repre-
sented by A and 1ts values are given 1n units of “%”, unless
otherwise specified. In cases where the refractive index of a
region 1s less than that of silica, the relative index percent 1s
negative and 1s referred to as having a depressed index, and 1s
calculated at the point at which the relative index 1s most
negative unless otherwise specified. In cases where the refrac-
tive index of a region 1s greater than the refractive index silica,
the relative index percent 1s positive and the region can be said
to be raised or to have a positive index, and 1s calculated at the
point at which the relative index 1s most positive, unless
otherwise specified. An “updopant” 1s herein considered to be
a dopant which has a propensity to raise the refractive index
relative to pure undoped S10,. A “downdopant” 1s herein




US 7,689,085 Bl

3

considered to be a dopant which has a propensity to lower the
refractive index relative to pure undoped S10,. An updopant
may be present 1n aregion of an optical fiber having a negative
relative refractive index when accompanied by one or more
other dopants which are not updopants. Likewise, one or
more other dopants which are not updopants may be present
in a region of an optical fiber having a positive relative refrac-
tive index. A downdopant may be present 1n a region of an
optical fiber having a positive relative refractive index when
accompanied by one or more other dopants which are not
downdopants. Likewise, one or more other dopants which are
not downdopants may be present 1n a region of an optical fiber
having a negative relative refractive index.

“Chromatic dispersion”, herein referred to as “dispersion”™
unless otherwise noted, of a waveguide fiber 1s the sum of the
maternal dispersion, the waveguide dispersion, and the inter-
modal dispersion. In the case of single mode waveguide fibers
the inter-modal dispersion 1s zero. Dispersion values 1n a
two-moded regime assume mtermodal dispersion 1s zero. The
zero dispersion wavelength (A,) 1s the wavelength at which
the dispersion has a value of zero. Dispersion slope 1s the rate
of change of dispersion with respect to wavelength.

“Effective area” is defined as: A_=2n(ff*r dr)*/(ff* r dr),
where the integration limits are 0 to co, and 1 1s the transverse
component of the electric field associated with light propa-
gated in the waveguide. As used herein, “effective area” or
“A, s refers to optical etfective area at a wavelength of 1550
nm unless otherwise noted.

The term “a-profile” refers to a relative refractive index
profile, expressed in terms of A(r) which 1s 1 units of “%”,
where r 1s the radius, which follows the equation, A(r)=
Al )(1-[lr-r |/ (r,-r_)]™) where r_1s the point at which A(r) 1s
maximum, t, 1s the point at which A(r)% 1s zero, and r 1s 1n the
range r,=r=r, where A 1s defined above, r; 1s the mitial point
ofthe a-profile, r1s the tinal point ot the a-profile, and a 1s an
exponent which 1s a real number.

The mode field diameter (MFD) 1s measured using the
Peterman II method wherein, 2w=MFD, and w*=
(2ff?r dr/[[df/dr]’r dr), the integral limits being O to co.

The bend resistance of a waveguide fiber can be gauged by
induced attenuation under prescribed test conditions.

One type of bend test 1s the lateral load microbend test. In
this so-called “lateral load” test, a prescribed length of
waveguide fiber 1s placed between two flat plates. A #70 wire
mesh 1s attached to one of the plates. A known length of
waveguide fiber 1s sandwiched between the plates and a ref-
erence attenuation 1s measured while the plates are pressed
together with a force of 30 newtons. A 70 newton force 1s then
applied to the plates and the increase 1n attenuation 1n dB/m 1s
measured. The increase in attenuation is the lateral load
attenuation of the waveguide.

The “pin array” bend test 1s used to compare relative resis-
tance of waveguide fiber to bending. To perform this test,
attenuation loss 1s measured for a waveguide fiber with essen-
tially no induced bending loss. The waveguide fiber 1s then
woven about the pin array and attenuation again measured.
Theloss induced by bending 1s the difference between the two
measured attenuations. The pin array 1s a set of ten cylindrical
pins arranged 1n a single row and held 1 a fixed vertical
position on a flat surface. The pin spacing 1s 5 mm, center to
center. The pin diameter1s 0.67 mm. During testing, sufficient
tension 1s applied to make the waveguide fiber conform to a
portion of the pin surface.

The theoretical fiber cutoil wavelength, or “theoretical
fiber cutoil™, or “theoretical cutoil”, for a given mode, 1s the
wavelength above which guided light cannot propagate in that
mode. A mathematical definition can be found i1n Single
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Mode Fiber Optics, Jeunhomme, pp. 39-44, Marcel Dekker,
N.Y. 1990 wherein the theoretical fiber cutofl 1s described as
the wavelength at which the mode propagation constant
becomes equal to the plane wave propagation constant in the
outer cladding. This theoretical wavelength 1s appropriate for
an infinitely long, perfectly straight fiber that has no diameter
variations.

The effective fiber cutoif 1s lower than the theoretical cutofl
due to losses that are induced by bending and/or mechanical
pressure. In this context, the cutofl refers to the higher of the
LP11 and LPO2 modes. LP11 and LPO2 are generally not
distinguished 1n measurements, but both are evident as steps
in the spectral measurement (when using the multimode ret-
erence technique), 1.e. no power 1s observed 1n the mode at
wavelengths longer than the measured cutotf. The actual fiber
cutoll can be measured by the standard 2 m fiber cutolf test,
FOTP-80 (EIA-TIA-455-80), to yield the “fiber cutoll wave-
length™, also known as the “2m fiber cutoff” or “measured
cutoff”. The FOTP-80 standard test is performed to either
strip out the higher order modes using a controlled amount of
bending, or to normalize the spectral response of the fiber to
that of a multimode fiber.

The cabled cutoil wavelength, or “cabled cutoff™ i1s even
lower than the measured fiber cutoil due to higher levels of
bending and mechanical pressure 1n the cable environment.
The actual cabled condition can be approximated by the
cabled cutoll test described in the FIA-445 Fiber Optic Test
Procedures, which are part of the EIA-TIA Fiber Optics Stan-
dards, that 1s, the Electronics Industry Alliance—Telecom-
munications Industry Association Fiber Optics Standards,
more commonly known as FOTP’s. Cabled cutoil measure-
ment 1s described 1n EIA-455-170 Cable Cutoff Wavelength
of Single-mode Fiber by Transmitted Power, or “FOTP-170”.

Bandwidth can be measured by using the TIA/EIA Stan-
dard described in TIA/EIA-455-204 “Measurement of Band-
width on Multimode Fiber”, or “FOTP-204”, or by using the
TIA/EIA Standard described in TIA/EIA-455-220 “Dafferen-

tial Mode Delay Measurement of Multimode Fiber 1n the
Time Domain”, or “FOTP-2207, as appropriate.

Unless otherwise noted herein, optical properties (such as
dispersion, dispersion slope, etc.) are reported for the LPO1
mode.

A waveguide fiber telecommunications link, or simply a
link, 1s made up of a transmitter of light signals, a receiver of
light signals, and a length of waveguide fiber or fibers having
respective ends optically connected to the transmitter and
receiver to propagate light signals therebetween. The length
of waveguide fiber can be made up of a plurality of shorter
lengths that are spliced or connected together 1 end to end
series arrangement. A link can include additional optical
components such as optical amplifiers, optical attenuators,
optical 1solators, optical switches, optical filters, or multi-
plexing or demultiplexing devices. One may denote a group
ol inter-connected links as a telecommunications system.

A span of optical fiber as used herein includes a length of
optical fiber, or a plurality of optical fibers fused together
serially, extending between optical devices, for example
between two optical amplifiers, or between a multiplexing
device and an optical amplifier. A span may comprise one or
more sections of optical fiber as disclosed herein, and may
turther comprise one or more sections of other optical fiber,
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for example as selected to achieve a desired system pertor-
mance or parameter such as residual dispersion at the end of
a span.

Embodiment(s) of the Invention

Reference will now be made in detail to the present
embodiment(s) of the invention, examples of which are 1llus-
trated in the accompanying drawings. Whenever possible, the
same reference numerals will be used throughout the draw-
ings to refer to the same or like parts. One embodiment of the
optical fiber of the present invention 1s shown in FIG. 1A, and
1s designated generally throughout by the reference numeral
10. The waveguide fiber 10 i1ncludes a core 12 having an
effective area of at about 90 um® or more at a 1550 nm
wavelength (for example 90 um*to 160 um?, or 100 um*to
160 um” at a 1550 nm wavelength), and o. value 12=0=25,
and a cladding 20 surrounding the core. A typical range of o
values 1s 14 to 20, for example 15=a=17. The exemplary
refractive index profile (relative refractive index delta, vs.
radius) of this fiber shown schematically 1n FIG. 1B.

The core 12 1s Ge free and comprises a central core region
14, a first annular core region 16 surrounding and directly
adjacent to the central core region 14, and a second annular
region 18 surrounding and directly adjacent to the first annu-
lar region 16. The a central core region 14 extends radially
outwardly from a centerline to a radius O um =r,=2 um, and
has a relative refractive index percent profile A,(r) measured
in % relative to pure silica, wherein —0.1% =A,(r) =0.1. In
some embodiments, —-0.1% =A,(r) =0%. For example, 1n
some embodiments, —0.075% =A,(r) =0%. The central core
region 14 also has a maximum relative refractive index per-
cent, Ay, In the exemplary embodiments described
herein, A,,,, - 0ccurs at the centerline of the fiber (r=0).

The first annular core region 16 extends to an outer radius
r,, wherein 4.8 um =r, =10 um, and having a relative refrac-
tive index percent profile, A (r) 1n % measured relative to pure
silica, and a minimum relative refractive index, A,,,, a
maximum relative refractive 1dex A,,,,.. (where
Aorriv=A1..+), and the relative refractive mmdex A; mea-
sured ataradius r=2.5 um being: (a) —0.15=A,(r=2.5 um)=0,
and (b) Ajr+=A,(r=2.5 um). In some embodiments
A arax=A(r=2.5 um).

The second annular core region 18 1s fluorine doped, and 1t
surrounds and 1s directly adjacent to the first annular region
16. Typically, according to the embodiments described
herein, second annular core region 18 has 0.01% to 1.6 wt %
fluorine.

The second annular core region 18 extends to a radius 13
um =r,=30 um and has a negative relative refractive mndex
percent profile, A,(r) in %, measured relative to pure silica,
with a minimum relative refractive index A, , - being: (a)
A,y (=25 um) and/or A,y <A 2 rsv, and (b) =0.7%=
Asrv=-0.28%. In some embodiments -0.5%<
A,y <=0.275%. For example, A, may be -0.29%,
-0.3%, -0.33%, -0.38%. For example, A, may be
—-0.29%, -0.3%, —0.35%, -0.38%, -0.4%, -0.47%, —-0.5%,
or any number there between.

It 1s noted that the radius r, 1s defined to correspond to the
mid point value between A, (r=2.5 um) and A, /- "

T'hat 1s
r=1s a radius at which the A@)=[A,T=2.5 um)+A,, /]/2.

10

15

20

25

30

35

40

45

50

55

60

65

6

Similarly, the radius r, 1s defined to correspond to the mid
point value between A,, ., and A, that 1s r,=1s a radius at
which the A(r)=[A, ., +A5]/2. In some embodiments the ratio
r,/r, 1s between 2 and 6. Preferably the ratio 2.1=r,/r;=35.75,
for example 2.15=r,/r,=5.7. Preferably r,=30 um, for
example 14 um =r,=29 um. For agiven A, and A,, if the ratio
r,/r, 1s small (e.g., because r, 1s large), MFD becomes large,
A, becomes small, and dispersion D at 1550 nm becomes
large. If ther,/r; ratio 1s too large, MFD can become too small,
A, moves to higher wavelengths, and dispersion D at 1550 nm
can become small.

The cladding 20 surrounds the core 12 and has a relative
refractive index percent, A, (r) in %, measured relative to pure
silica, and A _(r)=A,, ,»+0.3%.

In some exemplary embodiments the core 12 and the clad-
ding 20, include F1 as a downdopant. In these embodiments
the F1 in amount present in the first and second annular core
regions 16 and 18 1s greater than the amount of fluorine
present 1n the central core region 14. In some exemplary
embodiments the core 12 also includes at least one alkali
metal oxide dopant, for example, K, Na, L1, Cs, and, Rb. In
some exemplary embodiments the core 12 contains K,O 1n
the amounts of 20 ppm to 1000 ppm by weight. Fiber 10 may
also include chlorine. It 1s preferable that the amount of
chlorine 1s greater than 500 ppm by wt 1n the core 12, and
greater than 10000 ppm by wt 1n the cladding 20. It 1s noted
that the term “ppm”, unless otherwise specially noted other-
wise, refers to parts per million by weight, or ppm by weight,
and a measurement on wt % can be converted to ppm by
multiplying by a factor of 10,000.

The relative refractive index profile of the optical fiber 10 1s

selected to provide attenuation of no more than 0.175 dB/km
at the wavelength A o1 1550 nm, for example 0.145 dB/km to
0.175 dB/km at the wavelength A of 1550 nm. The attenuation
values can be, for example, are 0.15 dB/km, 0.155 dB/km,
0.16dB/km, 0.165 dB/km, 0.165 dB/km, or 0.17 dB/km at the

wavelength A of 1550 nm.

EXAMPLES

The invention will be further clarified by the following
examples.

Tables 1-2 list characteristics of Examples 1-15 of an 1llus-
trative set of fiber embodiments. FIGS. 2-16 show the refrac-
tive index profiles corresponding to Examples 1-15, respec-
tively. In the optical fiber embodiments of Examples 1-15,
Ap=0; =0.065% =A (r=2.5 um) =0%, -0.065% =A,,,+=0.
%, -0.5% =A,, Av=-0.275%, -0.4% =A,=-0.2%, andr,/r,
1s 2.17=r,/r,=5.7 and r,<30. However, it 1s noted that 1n
other embodiments A, may be somewhat larger or smaller
than 0% (relative to silica), depending on whether updopants
or downdopants are present in the center core region 14.
Although some embodiments of the optical fibers 10 have
alpha values between 12 and 25, optical fiber embodiments of
Examples 1-9 have alpha values intherange o1 13-15. Optical
fiber embodiments of Examples 10-15 have alpha values of
about 20.

The modeled profile parameters of these exemplary fibers
are summarized in Table 1A. The values for r; correspond to
the outer diameter of the cladding, and in these examples r,
was 62.5 um. In some exemplary fibers A,(%)=A;(%). Thus,
because 1n these embodiments there 1s no obvious index
change between the annular core regions 16 and 18, the r,
value 1s provided as being within a specified range.
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TABLE 1
Aoarax
Example (%) Iro(um) Ay (%) rp(um) A, (%) rp(um) Az (%)
1 0 0 0.000 5.25 —-0.300 15-26 —-0.300
2 0 0 0.000 6.20 —-0.290 25 —-0.260
3 0 0 0.000 7.38 -0.412 16 -0.213
4 0 0 0.000 7.38 -0.412 28 -0.213
5 0 0 0.000 7.10 —-(0.382 18 -0.225
6 0 0 0.000 7.10 -0.382 16-26 —-0.3%82
7 0 0 0.000 5.00 -0.292  16-26 -0.292
8 0 0 0.000 5.00 —-0.302 285 -0.292
9 0 0 0.000  4.90 -0.315 16-26 -0.315
0 0 1.40 -0.064  5.63 -0.301 20,5 -0.315
1 0 1.92 —-0.062 8.15 —0.400 24.8  -0.260
2 0 1.12 —-0.062 7.40 —-0.470 26 —0.280
3 0 1.30 —-0.062 5.60 —0.380 22 —-0.350
4 0 1.40 —-0.063 6.20 —0.380 19.6 -0.340
5 0 1.00 —-0.061 5.00 -0.401 20 —0.3%80

In these 15 exemplary embodiments the cores 12 are silica
based (S10,), and are doped with fluorine. The following

table provide fluorine amounts (1n wt %) for the core regions
16, 18 and 1n the cladding 20.

TABLE 2
FIWt% incore  Fl Wt % in core Fl Wt % in core
Example region 16 region 18 region 20
1 0.00 —-1.00 —-1.00
2 0.00 -0.97 -0.87
3 0.00 -1.37 -0.71
4 0.00 -1.37 -0.71
5 0.00 -1.27 -0.75
6 0.00 -1.27 -1.27
7 0.00 -0.97 -0.97
8 0.00 -1.01 -0.97
9 0.00 -1.05 -1.05
10 -0.21 —-1.00 -1.05
11 -0.21 -1.33 —-0.87
12 -0.21 -1.57 -0.93
13 -0.21 -1.27 -1.17
14 -0.21 -1.27 -1.13
15 -0.20 -1.34 -1.27

Please note that in the optical fiber embodiments corre-
sponding to Examples 1-9 of Table 1, A,(%)=A,(%), and the
composition of the central core region 14 and the first annular

region 16 (up to the elbow section on the graph associated

with the transition to the second annular region 18) are 1den-
tical (see FIGS. 2-10). Thus, because 1n Examples 1-9, there
1s no clear transition between core regions 14 and 16,

although Table 1 specifies that r, 1s O um, we could have also
specified that r,=2 um. In these exemplary fibers the A, 51
0, because the core region 14 (and at least a portion of the first
annular region 16) 1s pure silica.

More specifically, the optical fiber embodiments corre-
sponding to the Examples 2-5 of Table 1 (see FIGS. 3-6)
include of a core refractive index profile with a central seg-

ment 14 surrounded by the first annular core region 16 having,
a refractive index A,=A,, which 1n turn i1s surrounded by a
moat region corresponding to the second annular core region
18 with refractive index A,, ..~ This moat (second annular

core region 18) 1s surrounded by the cladding 20 having
refractive index A,>A,, .. In the optical fiber embodiments
corresponding to the Examples 1-5, —0.3% =A,=-0.213%.
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2.80-4.95
4.03
2.17
3.80
2.54
2.25-3.66
3.20-5.20
5.70
3.26-5.31
3.64
3.04
3.51
3.93
3.16
4.00

The optical fiber embodiments corresponding to the
Examples 6-9 of Table 1 include a core refractive index profile
with a pure silica central core region 14 surrounded by the
first (pure silica) annular core region 16 having a relative
refractive index A,=A,=0. In these exemplary fibers the first
annular core region 16 1s surrounded by the second annular
core region 18 with a relative refractive index A,<A,. The
second annular core region 18 with a relative refractive index

A, 1s surrounded by a cladding 20 having refractive index
A=A,. In the optical fiber embodiments corresponding to
Examples 6,7 and 9 the compositions of second annular core
region 18 and the cladding 20 are identical. However, in other
embodiments (see for example the optical fiber parameters of
Example 9) the compositions of the second annular region 18
and the cladding 20 may not be identical. In the optical

fiber embodiments corresponding to the Examples 6-
9, —0.382%=A,=-0.315%. The optical fiber embodiments

corresponding to the Examples 10-15 of Table 1 (see FIGS.

11-16) include of a core refractive index profile with a pure
silica central core region 14 having a relative refractive index
Anar—0 surrounded by the first annular core region 16. The
first annular region 16 has a relative refractive index
-0.1%<A,=0%, and 1s surrounded by a moat region

corresponding to the second annular core region 18 with

refractive index A,, . In optical fiber embodiments corre-
sponding to Examples 10-15 the second annular core region
18, -0.5%=A,,,=-0.275%, for example A,, ., may be
-0.29, -0.3, -0.35, -0.38, -0.4, —-0.47/, or any number ther-
cbetween. The moat (second annular core region 16) 1s sur-
rounded by a third annular core region 18 having refractive
index A,>A,. In the optical fiber embodiments corresponding

to the Examples 10-135, —0.38% =A,=-0.26%.

Some of the embodiments of the optical fibers have the
following modeled wvalues: fiber cut-of wavelength Ac
between 1321 nm and 1580 nm, Fifective Area at 1550 nm
between 90 um*=A_,=160 um>, dispersion D at 1550 nm
between 18 ps/nm/km, and 25 ps/nm/km, and more prefer-
ably between 19 ps/nm/km and 23.5 ps/nm/km., and Attenu-
ation at 1550 nm less than 175 dB/km , for example between
0.165dB/kmand 0.175 dB/km. The exemplary fibers of Table

1 have been modeled and the modeled optical attributes are
listed 1n Tables 2A and 2B.
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TABLE 2A
Example 1 2 3 4 5 6 7 8
D1310 2.91 3.87 5.17 5.19 4.99 4.99 2.32 2.49
Slope 1310 0.0869 0.0888% 0.0908 0.0909 0.0906 0.0906 0.0862 0.0862
MFEFD 1310 10.35 11.27 11.71 11.71 11.60 11.60 10.21 10.13
D 1350 19.87 21.24 22.99 23.07 22.77 22.78 19.13 19.30
slope 1550 0.0591 0.0607 0.0622 0.0627 0.0622 0.0623 0.0585 0.0586
LP11 1498 1497 1388 1387 1411 1411 1402 1352
LPO2 948 927 896 896 906 906 {&R 832
PinArray 8.43 11.49 30.29 10.56 20.08 9.25 16.56 15.94
LatlLoad 1.13 2.55 7.17 2.72 4.58 2.25 1.61 1.28
Aeff 1310 86.37 105.12 120.06 120.05 116.66 116.66 83.02 81.93
Aeflf 1550 103.75 122.02 132.33 132.23 129.54 129.52 101.71 99.76
MFED 1550 11.52 12.33 12.45 12.44 12.39 12.39 11.48 11.35
D 1625 24.13 25.62 27.48 27.59 27.26 27.28 23.35 23.53
Attn 1550 0.170 0.169 0.167 0.167 0.168 0.168 0.170 0.170
Fiber cutoff 1538 1537 1428 1427 1451 1451 1442 1392
wavelength A_
Lambda0 12776.5 1266.5 1253.1 1253.0 1254.9 1254.9 1283.0 1281.2
(ho)
TABLE 2B
Example 9 10 11 12 13 14 15
D1310 2.42 2.84 5.05 5.38 3.57 4.21 3.05
Slope 1310 0.0860 0.0873 0.0910 0.0906 0.0870 0.0883 0.0858
MFEFD 1310 9.91 11.17 12.81 11.64 10.22 10.78 9.64
D 13550 19.16 19.95 22.98 23.20 20.55 21.49 19.76
Slope 1550 0.0583 0.0600 0.0629 0.0625 0.0591 0.0603 0.0581
LP11 1281 1526 1536 1424 1403 1506 1373
LPO2 793 991 1006 932 880 947 857
PinArray 18.99 20.13 14.63 9.35 8.17 5.70 5.67
LatlLoad 1.14 4.75 25.59 2.52 0.77 0.96 0.42
Aeff 1310 78.43 99.03 141.02 117.86 84.89 96.06 74.89
Aeflf 1550 95.55 120.80 156.69 130.26 100.42 111.21 89.86
MFED 1550 11.11 12.50 13.62 12.37 11.28 11.76 10.72
D 1625 23.37 24.29 27.53 277.71 24.81 25.84 23.96
Attn 1550 0.170 0.173 0.171 0.171 0.173 0.172 0.174
Fiber Cutoff 1321 1566 1576 1464 1443 1546 1413
wavelength A_
Lambda0 (i) 1281.9 1277.4 1254.5 1250.6 1268.9 1262.3 1274.4
40

In Tables 2A and 2B, the terms “Slope 1310” and “Slope
153507 stand for the dispersion slope at 1310 nm and 1550 nm
wavelength, respectively; “MFD 1310”7 and “MFD 13307
stand for mode field diameters at 1310 nm 13550 nm wave-
length, respectively; “Aefl 13107 and “Aetl 1550 stand for
the effective area of the fiber, at 1310 nm and 1550 nm
wavelength, respectively; “D 16257 stands for dispersion at
1625 nm wavelength, “Attn 15507 stands for attenuation at
1550 nm, and the term “Lambda 0” or “A,” stands for zero
dispersion wavelength.

It will be apparent to those skilled in the art that various
modifications and variations can be made to the present
invention without departing from the spirit and scope of the
invention. Thus 1t 1s intended that the present invention cover
the modifications and vanations of this invention provided
they come within the scope of the appended claims and their
equivalents.

What 1s claimed 1s:
1. An optical wavegwide fiber comprising;:

(1) a Ge free core having an effective area of 90 um” to 160
um?, at the 1550 nm wavelength, and o value 12=
a.=25, said core comprising:

(a) a central core region extending radially outwardly from
a centerline to a radius O um =r,=2 um, and having a
relative refractive index percent profile A,(r) wherein
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—-0.1% =A,(r) =0.1%, wherein the central core region
has a maximum relative refractive index, A, ,, +

(b) a first annular core region surrounding and directly
adjacent to the central core region and extending to an
outer radius r,, wherein 4.8 um =r, =10 um, and having
a relative refractive index percent profile, A,(r) and a
minimum relative refractive index, A,, .., and the rela-
tive refractive mdex measured at a radius r=2.5 um
being:

—0.15=A(»=2.5 um)=0 and Agp 4 v=A(¥=2.5 um);

(¢) a fluorine doped second annular region surrounding and
directly adjacent to the first annular core region and
extending to a radius 13 um =r,=30 um and having a
negative relative refractive mndex percent profile, A,(r),

with a mimimum relative refractive index A, , - being:

Asairv<A(r=2.5 pm) and -0.7% =A,; 7n=-0.28%;

(1) a cladding surrounding the core and having a relative
refractive index percent A _ (r), and A . (r)=A, , ;»x0.3%;

wherein the relative refractive index profile of the optical
fiber 1s selected to provide attenuation of no more than

0.175 dB/km at the 1550 nm wavelength.

2. The optical waveguide fiber according to claim 1
wherein at least a portion of the central core region 1s made of
pure silica.
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3. The optical waveguide fiber according to claim 1
wherein -0.5% <A, , <-0.25%.

4. The optical waveguide fiber according to claim 1,
wherein -0.1% =A,(r=2.5) =0%.

5. The optical waveguide fiber according to claim 1,
wherein A,=0; -0.07% =A,(1=2.5 um) =0%, -0.5%=
Asriy =-0.275%, t,/t, 18 2.17=r,/r,=5.77, and r,=2.6.

6. The optical waveguide fiber according to claim 1,

wherein said fiber 1s characterized by dispersion D at a wave-
length of 1550 nm, and 18 =D =235 ps/nm/km.

7. The optical waveguide fiber according to claim 1,
wherein said fiber 1s characterized by dispersion D at a wave-

length o1 1550 nm, and 19 =D =23 ps/nm/km.

8. The optical waveguide fiber according to claim 1,

wherein said fiber 1s characterized by a zero dispersion wave-
length A, and 1245 nm=A,=1290 nm.

9. The optical waveguide fiber according to claim 1,
wherein said fiber has macrobend loss at 1550 nm of less than
1 dB/m for 20 turns on 20 mm diameter mandrel.

10. The optical waveguide fiber according to claim 1,
wherein said fluorine doped second annular region has 0.01%
wt % to 1.6 wt % fluorine.

11. The optical waveguide fiber according to claim 1,
wherein: (1) said Ge free core has an effective area of 100 um?

to about 160 um>s; (ii) aid fluorine doped second annular
region has 0.07% wt % to 1.6 wt % fluorine.

12. The optical waveguide fiber according to claim 1,
wherein said fiber has more than 500 ppm of Chlorine 1n said
core and more than 10000 ppm of chlorine 1n the cladding.

13. The optical waveguide fiber according to claim 1,
wherein (1) said fluorine doped second annular region has
0.01% to 1.6 wt % fluorine and (i11) said fiber has more than
500 ppm of chlorine 1n the core and (111) more than 10000 ppm
of chlorine 1n the cladding.
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14. An optical waveguide fiber comprising:

(1) a Ge free core having an effective area of 100 um? to 160
um”, at the 1550 nm wavelength, and o value
12=0=25, said core comprising:

(a) a central core region extending radially outwardly from
a centerline to a radius r,=2 um, and having a relative
refractive index percent profile A, (r), wherein -0.1%=
An(r) =0.1%, wherein the central core region has a
maximum relative refractive index, A,

(b) a first annular core region surrounding and directly
adjacent to the central core region and extending to an
outer radius r;, wherein 4.8 um =r, =10 um, and having
a relative refractive index percent profile, A, (r), and a
minimum relative refractive index, A,, .., and the rela-
tive refractive index measured at a radius r=2.5 um
being:

—0.15 =A ((r=2.5 ym) =0 and Ay v =A(7=2.5 um);

(¢) a fluorine doped second annular region surrounding and
directly adjacent to the first annular core region and
extending to a radius 13 um =r,=30 um and having a
negative relative refractive index percent profile, A,(r),
with a mimnimum relative refractive index A, ., <A,
(r=2.5um)and -0.7% =A,, ,»=-0.28%: and (11) a clad-
ding surrounding the core and having a relative refrac-
tive index percent A _ (r), and A _ (r)=A,, , £0.3%;

wherein the relative refractive index profile of the optical
fiber 1s selected to provide attenuation of 0.15 dB/km to
0.175 dB/km at a the 1550 nm wavelength, wherein
A=0; -0.07% % =A,(1=2.5 um) =0%, -0.5% =
Asriv =-0.275%, r,/r 18 2.17=r,/r, =5.7, and r,=2.6,
said optical waveguide fiber has dispersion D at a wave-
length of 1550 nm 1s 18 =D=25 ps/nm/km, 1245
nm=A, =1290 nm and macrobend loss at 1550 nm of
less than 1 dB/m for 20 turns on 20 mm diameter man-

drel.
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